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Chapter 1: Introduction                
Mn-based ordered alloys with tetragonal crystal structures have high perpendicular magnetic 
anisotropy (PMA) energy. They are suitable for spintronic devices such as spin transfer torque 
magnetoresistance random access memory (STT-MRAM) and hard disk drive (HDD) due to their 
high PMA. Besides, these Mn-based ordered alloys have many merits, that is, low saturation 
magnetization, high magnetic coercivity, low Gilbert damping constant, and high spin polarization. 
From these reasons, tetragonal Mn-based ordered alloys with high PMA are candidates for 
spintronic materials. There have been many studies on the Mn-based ordered alloys including L10-
MnGa, D022-Mn3Ga, and D022-Mn3Ge alloys. These materials with tetragonal crystal structures have 
both low saturation magnetization and high uniaxial magnetic anisotropy energy. To utilize these 
materials for actual spintronic devices, the elucidation of the relation between magnetic properties 
and electronic structures is strongly needed. However, no studies on the relation have been reported 
for MnxGe100-x binary alloys with a wide range of Mn composition (x). Moreover, Mn75Ga25-yGey 
ternary alloys are also good candidates for spintronic materials because the continuous change of 
electronic structures is expected depending on the composition of Ge (y). In this thesis, we 
investigated magnetic properties and electronic structures of MnxGe100-x binary alloy thin films and 
Mn75Ga25-yGey ternary alloy thin films. 
 
Chapter 2: Experimental procedures 
                                                                                                                                  
For fabrication of samples, we used ultrahigh vacuum (UHV) magnetron sputtering with a back 
pressure below 10-7 Pa and an electron beam evaporator. The stacking structures of the samples is 
as follows : MgO (001) sub./Cr (40 nm)/Mn-based alloys (50 nm)/MgO (2 nm). To investigate crystal 
structures and magnetic properties of the films, X-ray diffraction (XRD) and superconducting 
quantum interference device-vibrating sample magnetometer (SQUID-VSM) were used, 
respectively. To investigate electronic structures, we performed X-ray magnetic circular dichroism 
(XMCD) and hard X-ray photoelectron spectroscopy (HAXPES) at KEK-PF and SPring-8, 
respectively.  
 
 
  
For XMCD measurements, element specific spin and orbital magnetic moments of magnetized films 
were obtained by the spin-orbital sum rule analysis using results of angle-resolved XMCD 
measurements. For HAXPES measurements, core level spectra and valence band spectra of the 
materials were investigated. From the core level spectra, chemical and magnetic circumstances of 
the materials with atomic levels were investigated. From valence band spectra, electronic structures 
of the materials near the Fermi level were investigated. 
 
Chapter 3: Characterization of MnxGe100-x films                                                                   
In this chapter, sample fabrication, magnetic 
properties, and electronic structures of Mn-Ge binary 
alloy films with various material compositions were 
described. MnxGe100-x films with various Mn 
compositions x from 50 to 80 were prepared by UHV 
magnetron sputtering. For the sputtering of MnxGe100-
x films, co-sputtering was used. From XRD 
measurements, it was revealed that Mn72Ge28 ~ 
Mn80Ge20 films had a tetragonal D022 crystal 
structure. It was also revealed that these films had 
perpendicular magnetization by SQUID-VSM 
measurements. Especially, a Mn72Ge28 film had the 
largest magnetic anisotropy energy of 14.3 Merg/cm3. From the XMCD measurements, element-
specific spin and orbital magnetic moments of these films were deduced through the spin-orbital 
sum rule analysis as shown in Fig. 1. Spin magnetic moments of the films showed a similar tendency 
to the saturation magnetizations. Angle resolved XMCD measurements showed that the origin for 
magnetic anisotropy in the D022-Mn72Ge28 film was associated with the orbital magnetic moments. 
It was clarified that Bruno theory, which connects magnetocrystalline anisotropy and orbital 
magnetic moment, explained the magnetic anisotropy of these films. From HAXPES measurements 
of the films, a wide range of spectra, element specific core level spectra, and valence band spectra of 
the films with various Mn compositions were obtained. Especially, the shapes of Mn 2p core level 
spectra changed depending on the composition. Valence band spectra agreed well with the density 
of states calculated by first principles. 
 
Chapter 4: Characterization of Mn75Ga25-yGey films   
In this chapter, sample fabrication, magnetic properties, and electronic structures of Mn75Ga25-yGey 
ternary films with various Ga and Ge compositions were described. Mn75Ga25-yGey films with various 
Ge compositions y were prepared by UHV magnetron sputtering.  From XRD measurements, it was 
revealed that all films had a tetragonal D022 crystal structure. It was also revealed that these films 
had perpendicular magnetization by SQUID-VSM measurements. With increasing the Ge 
composition, both saturation magnetization and magnetic anisotropy energy decreased. To 
investigate the electronic structures of Mn75Ga25-yGey films, XMCD and HAXPES measurements 
 
 
Figure 1: XMCD spectra of MnxGe100-x 
films. 
  
 
 
 
were also performed. From the XMCD measurements, it was found that spin magnetic moments of 
the films showed a similar tendency to saturation magnetizations. Angle resolved XMCD 
measurements showed that the origin for magnetic anisotropy in the Mn75Ga25-yGey films was 
associated with the orbital magnetic moments. It was clarified that the Bruno theory was valid for 
Mn75Ga25-yGey films even though the energy of spin flip term estimated from theory was not small 
as summarized in Table 1. From HAXPES measurements of the films, a wide range of spectra, 
element specific core level spectra, and valence band spectra of the films with various Ge 
compositions were obtained. There was no clear change in the core hole levels depending on the Ge 
composition. For valence band spectra of the films, distinct changes of the Mn 3d peak’s intensities 
at around 1 eV depending on the material composition was observed. The Mn 3d peaks below the 
Fermi level shifted to lower energy with increasing the Ge composition. 
 
Chapter 5: Conclusions 
The electronic structures of Mn-based ordered alloys were investigated and discussed relating to 
their magnetic properties. Spin magnetic moments estimated from XMCD measurements showed a 
similar tendency to saturation magnetizations for all the films. Orbital magnetic moments depended 
on the incident angle. This indicated that the origin for the magnetic anisotropy energy was 
associated with Mn orbital magnetic moments. Bruno theory was valid for all the films even though 
the energy of spin flip term estimated from theory was not small. The spin exchange interactions 
between the 2p core-hole and 3d valence electrons for the Mn atoms would be clarified for all the 
films from HAXPES measurements. Measured valence band spectra of the films well agreed with 
the density of states calculated by first principles. 
 
 Mn75Ga20Ge5 Mn75Ga10Ge15 Mn75Ge25 
Ku [Merg/cm3] 16.1 13.8 10.5 
MAE [μeV/atom] 181.0 152.3 114.9 
Mn I site 
(4d) 
Δmorb [μB/atom] 0.066 0.066 0.066 
ΔESO [μeV/atom] 132 132 132 
Mn II site 
(2b) 
Δmorb [μB/atom] 0.135 0.125 0.116 
ΔESO [μeV/atom] 270 250 232 
Total 
Δmorb [μB/atom] 0.089 0.086 0.083 
ΔESO [μeV/atom] 178 171.3 165.3 
Table 1: Summary of orbital magnetic moments and spin-orbit energy. 
  
